RecA proteins form a long stable filament on a single-stranded DNA and catalyze strand exchange reaction. The stability of RecA filament changes dramatically with pH, yet its detailed mechanism is not known. Here, using a single molecule assay, we determined the binding and dissociation rates of RecA monomers at the filament ends at various pH. The pH-induced rate changes were moderate but occurred in opposite directions for binding and dissociation, resulting in a substantial increase in filament stability in lower pH. The highly charged residues in C-terminal domain do not contribute to the pH dependent stability. The stability enhancement of RecA filament in low pH may help the cell to cope with acidic stress by fine-tuning of the binding and dissociation rates without losing the highly dynamic nature of the filament required for strand exchange.
Introduction
RecA protein is essential for repairing damaged chromosomal DNA by mediating homologous recombination [1] [2] [3] . There is a collection of evidence that points to the role of RecA in dealing with acidic stress. Deletion of RecA in E. coli was found to be lethal when subjected to an acidic environment [4] . Acid tolerance is vital to E. coli as it needs to pass through the acidic stomach of vertebrate. Similarly, RecA was found to be up-regulated in S. mutans, when grown in acidic condition [5] . Therefore, enhanced filament formation and strand exchange activity under low pH conditions would help the host cell to survive. Yet, the details of how the stability of RecA filament is regulated by pH remain unclear.
RecA proteins form a filament of helical structure on a single stranded (ss) DNA [6, 7] . Filament formation is initiated by binding (nucleation) of five to six monomers simultaneously on a ssDNA [8, 9] . The nucleated short filament then grows by addition of monomers at either end, covering as many as thousands of nucleotides in the ssDNA. Monomer dissociation also takes place at the filament ends, which puts the filament ends in dynamic equilibrium between monomer binding and dissociation. The difference between binding and dissociation rates determines whether the filament grows or shrinks. In our previous report [9] , we have shown that the binding rate at the 3' end is much higher than the dissociation rate at physiological concentration of RecA, whereas the binding and the dissociation rates are comparable at the 5' end. Therefore, the kinetics at 5' end is crucial for determining the overall stability of the RecA filament.
Stable filament formation [10] and enhanced strand exchange reaction [11] [12] [13] at low pH have been well-documented. It was proposed that suppression of RecA dissociation is responsible for the stable filament formation at low pH while the binding is not altered [14] . However, it is puzzling why the dissociation process is affected by pH given the fact that the monomer dissociation is strongly coupled with ATP hydrolysis that is pH-independent [11, 15, 16] . Furthermore, a recent single molecule study reported enhancement in both initial nucleation and consequent growth rates of a filament at low pH, suggesting that pH may affect both binding and dissociation processes [17] . Also, pH-dependent enhancement of nucleation of RecA proteins on a dsDNA was observed in another single-molecule manipulation study [18] , yet the details of the RecA dynamics at the filament ends at high resolution are still missing.
In this study, using the single-molecule fluorescence resonance energy transfer (smFRET) technique [19, 20] , we directly observed monomer binding and dissociation events at the 5' end to elucidate the details of the molecular mechanism of the pH-dependent RecA filament stability.
Materials and Methods

Reaction Condition
RecA was purchased from New England Biolabs and used without further purification. Reaction was performed with a solution consisting of 10 mM Mg(OAc) 2 , 100 mM NaOAc, and 10 mM Tris-OAc at pH 7.5 with 1 mM ATP (Sigma) unless otherwise specified. Instead of Tris buffer, the same concentrations of Mes and Mops were used to maintain the pH in the range from 6.0 to 6.3, and from 6.6 to 7.0, respectively. All the measurements were carried out in room temperature. 
Single-molecule FRET Assay
Experimental details on single-molecule FRET assay are described in the previous work [9] . Fluorescently labeled DNA was immobilized on polyethyleneglycol (PEG) coated quartz slide surface to minimize non-specific adsorption of protein to the surface. At the buffer pH lower than 7.5, we further treated PEG surface with disuccinimidyl tartarate (PIERCE) to eliminate free amine groups on the PEG surface that can electrostatically attract the phosphate backbone of DNA. Fluorescence signal after illumination with 532 nm laser (CrystaLaser) via total internal reflection was collected with an objective lens (Olympus, NA 1.2 water immersion) and spectrally separated with a dichroic mirror before being imaged on an electron-multiplying charge-coupled device (EMCCD). Fluorescence intensity time traces were extracted out from a movie taken and FRET efficiency was calculated with home-built software. Most likely FRET time trajectories were estimated with hidden Markov method [21] . FRET histograms were built from thousands of single molecules of which FRET values were determined by averaging the first 10 data points from the traces.
Results and Discussion
To observe binding and dissociation events from a RecA filament at the single monomer level, we designed a partial duplex DNA with a 60 nt long 3' single-stranded overhang. We placed the donor (Cy3) and acceptor (Cy5) at the junction of the double and single strand region with 10-nt separation, such that only a few RecA monomers may bind between them (Fig. 1A) . Because the fluorophores were located at the 5' side of the ss-overhang and RecA filament formation is possible only on ssDNA in our buffer condition (i.e. the filament cannot continue onto the double stranded region), FRET fluctuations here would monitor the dynamics at the 5' end of RecA filament [9, 18] . We immobilized the partial duplex DNA on a polymer-passivated quartz slide glass and measured fluorescence from individual molecules by using a total internal reflection fluorescence microscopy. We obtained single molecule FRET histograms in the presence of RecA (1 mM) at various pHs ranging from 6.0 to 8.0 (Fig. 1B) and determined how stably RecA was bound at the 5 0 -disassembly end. In the histograms, three distinct peaks, located at 0.4, 0.6 and 0.75 were observed. An extra peak located at 0 is from the donor-only species and excluded from analysis. The highest FRET peak corresponds to the naked ssDNA without bound RecA monomers between the probes and designated as M 0 state. Binding of an additional monomer causes a decrease in FRET efficiency as the ssDNA region is stretched by the filament growth. Thus, we assigned the intermediate FRET populations at 0.6 and 0.4 as M 1 (one-monomer bound state) and M 2 (two-monomers bound state), respectively. To ensure that the observations are not due to a possible artifact caused by direct influence of pH on the photophysical properties of the fluorophores, we have measured smFRET of RecA filaments formed with a non-hydrolysable ATP analogue, ATPγS, so that the filament remains stable without any dissociation (S1A Fig.) . The FRET values obtained from the ATPγS/RecA filaments showed no differences when subjected to pH of 6.0, 7.0 or 8.0 (S1B Fig.) . Also, we did not observe any FRET changes in single molecule time traces measured at different pH, indicating that any photophysical effects of pH are minimal (S1C-E Fig.) .
Consistent with the previous reports of the enhanced filament stability at low pH [10] [11] [12] [13] [14] 17] , single molecule populations were biased towards low FRET (M 2 ) at low pH and towards high FRET (M 0 ) at high pH (Fig. 1B and 1C) . As a measure of filament stability, we calculated the average number of RecA monomers bound between the donor and acceptor (Fig. 1D) . The average number of monomers linearly decreased with increasing pH (the slope from linear fit was −0.29). The linear dependency in the filament growth is consistent with the recent singlemolecule result [17] . Interestingly, we observed more than 50% of the populations are still in M 1 or M 0 states even at the lowest pH condition (pH 6.0) whereas complete suppression of dissociation was predicted in a previous report [14] .
With the successful recapitulation of the pH-dependent filament stability using our single molecule assay, we then carried out real-time measurements of binding and dissociation events to obtain the kinetic rates. Typical FRET time traces obtained at different pHs are shown in Fig. 2A (green lines) . Monomer binding and dissociation events were identified as sudden jumps in the traces. For a quantitative analysis, we determined the FRET states and transition points with hidden Markov modeling (HMM) analysis ( Fig. 2A, blue solid lines) [21] , which also yields the transition rates between the states. Once all the transitions between the discrete FRET states were identified, we built a two-dimensional histogram (transition density plot, TDP) of the transitions to classify the transitions into groups (Fig. 2B) . We observed four different groups of the transitions, two of which were the binding events and the other two were the dissociation events. For each group of the transitions, we calculated the average values of the transition rates determined by the HMM analysis (Fig. 2C) . The dissociation rate showed a moderate decrease as pH was lowered (Fig. 2C, orange) . The effect of pH on the binding rate was larger and in the opposite direction, increasing as pH was lowered (Fig. 2C, blue) . Also notable is the observation that the dissociation rate did not approach 0 even at the lowest pH value examined (Fig. 2C, orange) , showing that dissociation is not suppressed entirely at pH 6.0. The slope of the binding rate vs. pH curve was twice as high as that of the dissociation rate vs. pH, suggesting that pH has a stronger effect on the binding rate than on the dissociation rate.
The pH of the solution would change the surface charge density of the RecA protein, which would in turn affect the electrostatic interaction between adjacent RecA monomers in a filament. In the crystal structures [7, 22] , three charged surfaces were found: 1) positively charged N-terminal domain (NTD), 2) negatively charged surface in the core domain, 3) negatively charged C-terminal domain (CTD). Among these three charged surfaces, the interaction between the NTD and the core domain via electrostatic force is considered essential for filament formation because it is the major contact between two adjacent monomers in the filament [23] . In contrast, CTD may not interact with neighboring monomers or substrate DNA [7] . Indeed, consistent with the above picture, pH-dependent filament stability and dynamics for a RecA mutant lacking 17 highly charged amino acids in CTD was indistinguishable from the wild type (Fig. 3) . Population change in the FRET histograms (Fig. 3A-C) and the monomer binding and dissociation rates at different pH's (Fig. 3D ) observed with the mutant were similar to that observed with wide type. Thus, the pH dependent kinetics change in monomer binding and dissociation is unlikely to be due to the charged residues in CTD. CTD, instead of affecting filament stability and dynamics through its charged surface, is believed to interact with another filament and the secondary homologous DNA [24] and with other proteins such as SSB [25] .
In this study we have utilized single-molecule FRET to investigate the stability of a RecA filament as a function of pH. We show that stable filament formation at low pH is achieved by both increasing the binding rate and moderately decreasing the dissociation rate. Furthermore, we show that the highly charged residues in C-terminal domain are not responsible for the pH dependent stability. Based on our observations, we propose that the electrostatic interaction of the core domain with the NTD from the next monomer in the filament is the major origin of the pH dependence. The stability enhancement of RecA filament in low pH may help the cell to cope with acidic stress and occurs via fine-tuning of the binding and dissociation rates without losing the highly dynamic nature of the filament required for strand exchange. The dyes are labeled internally with 9 nt separation on the single stranded overhang consisting of polythymine. The distance from the junction to the dye pair is 30 nt and the distance from 3' end is 22 nt. Double stranded region for surface immobilization is the same as that used in Fig. 1. (b) Single molecule FRET histograms measured at different pHs. While the bare DNA showed a peak at E*0.8 (top panel), RecA filaments formed with ATPγS showed a peak at E*0.4 regardless of pH. Because the dye separation is 9nt, only a stable three monomer binding state between the dyes is expected. A peak at 0 is due to donor-only molecules.
(c-e) Representative single molecule intensity and FRET traces measured at different pH. For each pH condition, two representative traces were shown. Traces in the left panels were chosen to show a single-step photo bleaching event of acceptor at about 35*40 sec. (PDF) 
